Introduction
Nanoparticles attract much attention because of their unique physical and chemical properties. They have been utilized in various applications, such as catalysis, 1 biolabeling, 2 nonlinear optical devices 3 and surface-enhanced Raman scattering. 4 It is required to use uniformly sized nanopartilces for applications, and various synthesis methods have been proposed for the preparation of mono-dispersed nanoparticles in liquid, polymer, micelle, glass matrix by chemical reduction or photoreduction. [5] [6] [7] [8] [9] In recent years, a microchip or microreactor has been utilized for nanoparticle synthesis, and several researchers have reported on the successful formation of mono-dispersed particles. 10, 11 This is because such a small reaction space offers a uniform reaction environment, such as uniformity of temperature and concentrations of the reactants inside a microchannel.
To control the quality of nanoparticles, such as size, size distribution and aggregation, it is necessary to continuously monitor the size of synthesized nanoparticles. For a size measurement of nanoparticles, dynamic light scattering (DLS) is the most established method, 12 and there are many commercial apparatuses. Using a conventional apparatus, it usually takes more than several minutes to measure the diameter of nanoparticles in a liquid. However, it is desired to make the measurement time shorter for several applications such as the on-line monitoring of nanoparticle synthesis in a flow system. It is also required to enhance the detection sensitivity for a small volume of a sample, such as a liquid in a microchip or a microreactor. To shorten the measurement time, it is necessary to improve the S/N ratio of the signal. One measure for it is to utilize heterodyne detection, where a part of the incident light (reference) is separated before the irradiation to a sample, and it is mixed with scattered light at a photodetector. The signal due to the scattered light is enhanced by the electric field of the reference light, and several types of heterodyne detections have been developed. [13] [14] [15] In recent years, we have developed an in-situ optical flow velocimeter inside a microchannel for a transparent 16, 17 and turbid 18 liquid. In this technique, light is shone on a transmission grating, and the diffracted light intensity pattern close to the grating in utilized as incident light to a sample. Furthermore, a transmission grating was used for generating reference light for heterodyne detection. In this paper, it is reported that a new type of DLS method has been developed, which was extended from the optical configuration used for the above mentioned flow velocimeter; a diffracted light intensity pattern by a transmission grating was incident on a sample solution with nanoparticles, and also one of the diffractions orders was used as reference light for heterodyne detection. We discuss the enhancement of the DLS signal by using a transmission grating. A few application examples are also shown.
Principle
A schematic figure of the developed method is shown in Fig. 1 . When a sample cell is placed behind the transmission grating, a liquid including nanoparticles scatters light (scatter). When a photo-detector is placed at the position of one of the diffraction orders by the transmission grating (reference), the scatter and reference beams are mixed and detected; namely the scatter signal is heterodyne detected. The intensity of the heterodyne signal is expressed as A new type of dynamic light scattering method for the size measurement of nanoparticles was developed using a transmission grating. A sample cell was located behind the grating, and light was incident from the grating side. The scattered light by a solution with nanopariticles was mixed with diffracted light by the grating, and the mixed signal was detected; namely, the diffracted light was used as reference light for heterodyne detection. It was confirmed that the S/N ratio of the autocorrelation curve was 26-times improved by heterodyne detection. Furthermore, the S/N ratio was improved by setting the sample cell at the sample grating distance where the electromagnetic field is maximum due to the Talbot effect. Size measurements for several kinds of nanoparticles were demonstrated by this new method. 
where n is the refractive index of the medium; θ is the scattered angle to the incident light direction, which is given by θ = Arc sin(mλ/Λ) (Λ; grating spacing). In the DLS measurement, the autocorrelation of the signal is taken as
where g1(K → ,t) is the autocorrelation function of the scattered electric field, when the scattered light is induced by the Brownian motion of particles, it is expressed as
where D is the diffusion coefficient of the particles, which is related to the hydrodynamic radius of the particle by the Einstein-Stokes equation as
where k is the Boltzmann constant, T the temperature and η the viscosity of the solvent. From Eq. (5), the particle size can be calculated. An explanation have given on the Talbot effect. When a light beam is incident on a transmission grating, the light intensity profile close to the grating on the opposite side to the incident light shows striped patterns at specific distances from the transmission grating; this phenomenon is called the Talbot effect. 19 The distances are integral multiples of the so-called Talbot distance, and they are given by
where Λ and λ represent the grating spacing and the wavelength of the incident light, respectively. Since the light intensity pattern depends on the grating-sample distance, it is important to position a sample at a plane where the electromagnetic field is maximum. The distances are (1/4)dTalbot, (3/4)dTalbot… for the phase grating.
Experimental
The light source was the second harmonic of a CW Nd:YAG laser, with a wavelength of 532 nm and an intensity of 100 mW. After it was attenuated by an ND filter, a portion of the light (5 mW) was incident onto a sample cell. The light beam was linearly focused to make the light intensity pattern perpendicular to the grating stripe by a cylindrical lens with a focal length of 50 mm to a sample cell. A grating glass plate was inserted inbetween the sample cell and the cylindrical lens. The scattered light and a defocused reference light beam were linearly focused again to the photo-detector after passing through the sample cell. The 3rd or 18th orders of the diffracted beams were used as references, and the other diffraction orders were rejected by a pinhole. The sample cell was a quartz cell with an internal thickness of 1 mm and the glass thickness of the cell was 1 mm. The transmission gratings were fabricated on a glass plate by the normal wet-etching processes, and the grating spaces used were 10 and 60 μm. The photo-detector was a Si amplified photodiode with a switchable gain. The detected response was detected by a digital oscilloscope (Lecroy, Wave Runner 6100A), and an autocorrelation curve was obtained in real time using a function of the oscilloscope. For typical measurements, the autocorrelation curve was averaged 100 times, which took 1.5 min. Polybead polystyrene microsphere with an average diameter of 0.051 ± 0.007 μm (Funakoshi, 2.5% Solids-Latex) was purchased, and was diluted by 300 ppm. It was used as a standard sample. For application examples, sol solutions with titanium oxide nanoparticles (Taki Chemicals) with average diameters of 15 ± 5 nm (M-6) and 25 ± 5 nm (AM-15) and fatfree milk with a fat percentage of less than 0.5% were used. In fat-free milk, casein is included at about 3% as a protein component, and the protein molecules form a micelle had a diameter of about 100 -300 nm utilizing calcium phosphate as a binder, while the original casein size is 20 nm.
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Results and Discussion
The autocorrelation curve for the standard sample and water is shown in Fig. 2 , also the autocorrelation curve when the transmission grating was removed is shown. No autocorrelation signal was obtained from water, and the signal of the standard sample gave on autocorrelation decay curve. From this curve, the exponential decay time was 16.8 ± 0.4 ms, and the particle diameter was calculated from Eq. (5) to be 52.5 ± 0.3 nm, under a scattered angle of 9.18 degrees. The experimental result almost agreed with the value of the sample specification. This result shows that the size of nanoparticles could be properly obtained by this new method.
Comparing the autocorrelation curve in the presence of a grating ((b) in Fig. 2 ) with that obtained in the absence of the grating ((c) in Fig. 2) , it is evident that the S/N ratio was greatly improved. It was 26-times better than that in the absence of the grating. When the grating was not used, only the scattered light was observed (homodyne detection). Since the autocorrelation curves were normalized to 1 at the intensity of the correlation time 0, the enhancement of the signal intensity was assumed from the S/N ratio. Since the amplitude of noise was almost the same for the signals in the presence or absence of the grating, the signal intensity was 26-times enhanced by using the grating, namely heterodyne detection.
Next, the signal enhancement due to the Talbot effect was examined. The dependence of the autocorrelation curves on the grating-sample distance (d) is shown in Fig. 3 . The d values reduced optical lengths from the grating surface to the center of the sample cell, considering the refractive index of the front quartz glass of the sample cell and the sample liquid. In this measurement, a grating spacing of 60 μm was used to clearly observe the dependence on d. Because the Talbot distance obtained from Eq. (6) was 13.5 mm for this grating, spacing and d can be easily controlled by a conventional translational stage. In most of the autocorrelation curves, oscillating noise with a frequency about 120 Hz was overlapped on the autocorrelation curves. The oscillation noise is probably electrical noise originating from the detector, feedback circuit of the laser, power supply etc., and it is not considered to be due to optical interference between scattered sources, judging from its low frequency. As d increases, the oscillation amplitude in the autocorrelation curves was weakened once, but increased again, and the noise was minimum at the d = 3.5 mm, which corresponds to the (1/4)dTalbot position. The noise amplitude was almost the same by changing the optical configuration. Since the autocorrelation curve was normalized to 1 at the intensity of the correlation time 0, it is considered that the signal amplitude was enhanced by positioning the sample at the (1/4)dTalbot position. This result corresponds that the amplitude of the scattered light was increased at the position where the sample cell was placed at the strongest field intensity of the fringe pattern.
Finally, the sizes of various nanoparticles were measured. In Fig. 4(a) , the autocorrelation curves are shown for sol solutions of TiO2 nanoparticles. By fitting the waveforms and calculating Eq. (5), the obtained sizes were 16.0 ± 0.1 and 23.6 ± 0.1 nm for M-6 and AM-15, respectively. The experimental values agreed within the error ranges with the specification values. In Fig. 4(b) , the autocorrelation curve of fat-free milk is shown. The obtained size of the nanoparticles included in the milk was 220 ± 1 nm, which agreed with the micelle size of casein. [20] [21] [22] The obtained diameters are summarized with other parameters in Table 1 .
Conclusions
A new type of DLS method using a transmission grating was developed. This method can be easily modified from a conventional DLS apparatus by adding a transmission grating and changing the detector position. Due to the combined effect of heterodyne detection and the Talbot effect, the S/N ratio of the autocorrelation curve was greatly enhanced. In this apparatus, it is not necessary to use a highly sensitive detector, such as a photomultiplier or a CCD, and a conventional photodiode is adequate due to heterodyne detection. Additionally, the scattered angle can be exactly determined because the angle of the reference light is theoretically determined from the diffraction condition. The used parameters and obtained decay time of autocorrelation curves are also shown.
